Abstract-The impact of biasing conditions on the sensitivity of an AlGaN/GaN heterojunction field-effect transistor deflection transducer, fabricated at the base of a GaN microcantilever, has been investigated. The gauge factor is found to increase with negative gate bias, reaching 3200 at 3.1 V, which is at least an order of magnitude higher than Si piezoresistors. Ultrahigh ac deflection responsivity has also been observed, which reached a maximum value of 140 µV/nm at a gate bias of 2.3 V, consuming only 51 µW of power.
I. INTRODUCTION

M
ICRO/NANO-CANTILEVERS based electromechanical systems (MEMS/NEMS) have fueled the development of a large variety of sensors based on changes in physical parameters such as mass, displacement, force and stress [1] - [3] . Though optical transduction of displacement in microcantilevers offers high sensitivity, difficulty in miniaturization and high power requirements limit their usage in many of the aforementioned applications. Therefore, self-sensing microcantilevers that are capable of detecting their own deflections are highly desirable. These cantilevers have been realized using Si, and more recently, with single walled carbon nanotubes (SWCNTs) and metal-semiconductor piezoresistors [1] , [2] , but they suffer from either low sensitivity or a complex fabrication process. Recently, a promising approach based on transistor embedded self-sensing cantilevers has been proposed [3] - [7] , which takes advantage of the gate to enhance the deflection transduction sensitivity of a piezoresistor. AlGaN/GaN heterojunctions, which have been widely used in microwave devices, taking advantage of the high density of two dimensional electron gas (2DEG) formed at their interface, [8] offer unique opportunity for realizing highly sensitive piezoresistors (as deflection transducers), [7] since both the density and mobility of the 2DEG can be modulated by strain. In fact, their sensitivity can be much higher than Si based gated or un-gated piezoresistors, where only carrier mobility gets modulated. AlGaN/GaN based simple piezoresistors and gated piezoresistors have been reported earlier [5] - [7] , however, a systematic study on the biasing conditions to obtain the best performance of these sensors has not been reported yet. In this article, we for the first time present a detailed study on the influence of biasing conditions on both the step and dynamic deflection transduction of a GaN microcantilever with integrated AlGaN/GaN HFET.
II. EXPERIMENTAL SETUP
GaN microcantilevers with AlGaN/GaN HFET integrated at the base were fabricated following conventional photolithographic process as described elsewhere [7] The devices were then wire bonded to a dual-in-line package (DIP) which was mounted on a printed circuit board (see Fig. 1 ). The measurement procedures are summarized in Fig. 1 . For step bending studies, a tungsten needle attached to a nanopositioner (PI, Physic Instrumente, Inc.) was brought in contact with the cantilever apex, and its step motion was controlled by Labview software. The corresponding current changes were recorded by a source measure unit (SMU, Agilent B2902A). For the dynamic bending, a commercial piezochip (5 × 5 × 2 mm 3 , from PI) was held in contact with the DIP package as shown in Fig. 1 . The piezochip was excited with 2 V (rms) ac voltage with variable frequency supplied by a lock-in amplifier (SR850). A constant drain-source current (I DS ) was provided by the SMU, and the change in drain-source voltage ( V DS ) due to dynamic deflections, was measured using 0741-3106 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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the lock-in amplifier. The gate bias (V GS ) was provided from the SMU. Simultaneous optical measurements, using a laser vibrometer (MSA500, Polytec Inc), were carried out to measure the oscillation amplitude.
III. RESULTS AND DISCUSSION
The total resistance of the HFET (measured externally), R DS is given as:R DS = R int + 2R C + 2R acc , where R acc is the access region resistance (at each side of the gate, which are assumed equal), R c denotes the source and drain contact resistances (assumed equal), and R int is the channel resistance under the gate. The gauge factor, GF, can be derived as
Here, μ int and n s,int are the mobility and carrier concentration for the intrinsic device, and ε is the average strain in the channel. It is obvious from Eqn. 1 that the GF depends on both changes in carrier concentration and mobility, which are strongly correlated at gate biases close to pinch-off (i.e. lower carrier concentration) [9] . Clearly, in a gated piezoresistor a higher GF can be obtained by tuning the gate voltage and maintaining the carrier concentration at a desired (low) level where the mobility would change significantly due to change in carrier concentration. This is of course in addition to higher fractional change in the carrier concentration itself caused by the external strain. For a Si piezoresistor the carrier concentration does not depend on external strain, so the additional benefit of mobility change, caused by change in carrier concentration as noted above, is absent. In a simple AlGaN/GaN piezoresistor, where there is no gate modulation, the carrier concentration would still change with strain but corresponding mobility change may not be possible to achieve.
A. Step Bending
To determine the step bending response, the microcantilever was bent down by 1 μm and released, as V GS was systematically varied. Downward bending causes larger tensile strain in the AlGaN layer, which in turn, generates more positive piezoelectric charge at the AlGaN/GaN interface [8] , drawing excess compensating electrons ( n s ), and thereby reducing R DS . When the cantilever is released, excess tensile strain is reduced, and R DS returns to its initial value. With more negative V G S applied, n s reduces [9] , which increases the ratio n s /n s and maximizes R DS /R DS and hence the GF. The step bending response of this device, for V G S = 0 and -3.1 V, are shown in the inset of Fig. 2 . For V G S = 0, we found R DS = 1k and R DS = 7 , whereas V G S = −3.1 V yielded R DS = 2.16 M and R DS = 300 k . Thus, R DS /R DS increased more by 2 orders as V G S approached the shutdown voltage of the HFET of −3.2 V. The variations in R DS and R DS with V G S are shown in Fig. 2 . The computed sensitivity (= R DS /R DS ) increases monotonically from V G S = 0, and reaches a maximum value of 13.8% at V G S = −3.1 V (Fig. 3) . The average strain on the HFET was estimated as 4.3 × 10 −5 from the finite element COMSOL simulation. A maximum GF = 3200 is calculated at V G S = −3.1 V, which decreases monotonically as the V G S increases to more positive values (Fig. 3) . It is noteworthy that the maximum GF calculated here is 35 times higher than the optimized Si based piezoresistive devices (GF = 95) [10] , and comparable to that of SWCNT (GF = 2900) [2] . The sensitivity of this device did not vary significantly with V DS . However, with more negative V G S , especially near shutdown, the HFET was operated in the saturation region (see inset of Fig. 3 ) to enable I DS to dominate over the gate leakage current. Although significant transients were observed for more negative V G S (see inset of Fig. 2 ) when the cantilever was bent down and released, we only considered the steady state values of R DS for calculating GF.
B. Dynamic Bending
For dynamic response, an oscillating piezochip was contacted to the DIP, which generated a surface wave that propagated to the cantilever to initiate oscillation. The oscillation of the microcantilever was transduced by the HFET (biased with constant I DS = 10 μA and V G S = −2.3 V), where the R DS changed periodically, resulting in a periodic change in the drain-source voltage, V DS , which was measured by the lock-in amplifier. Laser vibrometer measurements very closely matched the HFET measurements, which yielded a resonant frequency of 43.94 kHz as shown in Fig. 4 . The voltage responsivity (VR) which is a more important parameter than GF for dynamic bending [1] , was determined by taking the ratio of V DS and the oscillation amplitude considering the difference of the on-resonance peak and off-resonance base. Comparing the two measurements, we find that a change in oscillation amplitude of 7.9 nm (from vibrometer) corresponded to V DS (rms) = 7.5 μV (from HFET). Thus the VR can be calculated as 0.95 μV/nm. Similarly as in step bending case, more negative V G S resulted in increased R DS which enhanced the responsivity, since V DS = I DS × R DS . As seen from Fig. 5 , with decrease in V G S , VR increases monotonically, reaching a value of 40 μV/nm with the same piezo excitation, at V G S = −2.7 V and I DS = 10μA. The power dissipation across the HFET was calculated using P DS = I 2 DS × R DS for different V G S (Fig. 5 ) using I DS = 10μA and R DS values from Fig. 2 . We found P DS increases monotonically from 0.51 μW to 2.4 μW, as V G S becomes more negative, changing from −2.3 V to −2.7 V.
The piezoresistive response of the HFET is limited mainly by the Johnson noise at high frequency which is given by, S J = √ 4k B T R DS B, where k B T = 26 meV at room temperature and B is the measurement bandwidth [1] , [6] . With B = 10 Hz, the calculated Johnson noises were 28.84 nV and 139.42 nV for V G S = −2.3 V and −2.7 V, respectively, while the corresponding signal-to-noise ratios (SNR = 20 log 10 (VR/S J )) are 30.35 dB and 49.15 dB, for 1 nm oscillation amplitude. However changing the bias current from 10 μA to 100 μA, sharply increased the SNR from 30.35 dB to 73.7 dB. Clearly there is a trade-off between three critical parameters of a HFET deflection transducer, namely, power dissipation, responsivity and SNR. For example, for V G S = −2.3 V, we obtained the highest responsivity of 140 μV/nm (see inset of Fig. 5 ) with an SNR of 73.7 dB, however this was achieved at the cost of higher power dissipation of 51 μW.
Our gated piezoresistor offers the advantage of utilizing the same device to cater to various application needs (i.e. requirement of low power consumption, high sensitivity, high SNR, or DC to ultrasonic frequency operations), simply by biasing the transistor. The experimental results presented here provide the necessary insights into the operation of HFET embedded micro/nano cantilever.
IV. CONCLUSION
In summary, we have demonstrated that with optimized biasing of AlGaN/GaN HFET, much higher sensitivity is obtained compared to the state-of-the-art for nanoscale displacement transduction. For step bending response, the highest GF of 3200 is obtained by biasing the gate near threshold voltage, while for transducing ultrasonic frequency nanoscale oscillations, maximum responsivity of 140 μV/nm is obtained with optimized current and gate bias.
